Graphical Abstract Highlights d Stress-fiber-associated tropomyosin isoforms segregate to different actin filaments d Tropomyosin isoforms bind F-actin with different dynamics d Dynamic tropomyosin isoforms activate non-muscle myosin II d Stable tropomyosin isoforms protect actin filaments from ADF/cofilin
In Brief
Gateva et al. report that distinct tropomyosin isoforms segregate to different actin filaments and can specify functional properties of distinct actin filament populations. They also provide evidence that functions of tropomyosins in myosin II activation and actin filament stabilization correlate with the dynamics of their actin interactions.
Actin filaments assemble into a variety of networks to provide force for diverse cellular processes [1] . Tropomyosins are coiled-coil dimers that form head-to-tail polymers along actin filaments and regulate interactions of other proteins, including actin-depolymerizing factor (ADF)/cofilins and myosins, with actin [2] [3] [4] [5] . In mammals, >40 tropomyosin isoforms can be generated through alternative splicing from four tropomyosin genes. Different isoforms display non-redundant functions and partially non-overlapping localization patterns, for example within the stress fiber network [6, 7] . Based on cell biological studies, it was thus proposed that tropomyosin isoforms may specify the functional properties of different actin filament populations [2] . To test this hypothesis, we analyzed the properties of actin filaments decorated by stress-fiber-associated tropomyosins (Tpm1.6, Tpm1.7, Tpm2.1, Tpm3.1, Tpm3.2, and Tpm4.2). These proteins bound F-actin with high affinity and competed with a-actinin for actin filament binding. Importantly, total internal reflection fluorescence (TIRF) microscopy of fluorescently tagged proteins revealed that most tropomyosin isoforms cannot co-polymerize with each other on actin filaments. These isoforms also bind actin with different dynamics, which correlate with their effects on actin-binding proteins. The long isoforms Tpm1.6 and Tpm1.7 displayed stable interactions with actin filaments and protected filaments from ADF/cofilin-mediated disassembly, but did not activate non-muscle myosin IIa (NMIIa). In contrast, the short isoforms Tpm3.1, Tpm3.2, and Tpm4.2 displayed rapid dynamics on actin filaments and stimulated the ATPase activity of NMIIa, but did not efficiently protect filaments from ADF/cofilin. Together, these data provide experimental evidence that tropomyosin isoforms segregate to different actin filaments and specify functional properties of distinct actin filament populations.
RESULTS AND DISCUSSION
Actin filaments assemble into diverse three-dimensional arrays to execute a wide variety of processes in eukaryotic cells. These actin filament arrays are characterized by distinct protein compositions and dynamic properties, but the underlying molecular mechanisms are incompletely understood [1, 8] . To elucidate the principles by which functionally distinct actin filament populations can be generated in cells, we focused on analyzing stress-fiber-associated tropomyosin isoforms. Stress fibers are contractile actomyosin bundles that contribute to cell morphogenesis, adhesion, migration, and mechanosensing [9] . Stress fiber assembly depends on several proteins promoting actin filament nucleation and polymerization, and different stress fiber types are decorated by partially non-overlapping sets of actinbinding proteins [7, [10] [11] [12] [13] [14] . Six tropomyosin isoforms (Tpm1.6, Tpm1.7, Tpm2.1, Tpm3.1, Tpm3.2, and Tpm4.2) associate with stress fibers in osteosarcoma cells (Figures 1A and 1B; Figure S1A) . Importantly, these isoforms display partially different localization patterns along stress fibers and, based on RNAi experiments, are functionally non-redundant [7] . Therefore, they may specify functionally distinct actin filament populations within the stress fiber network. However, whether distinct tropomyosin isoforms indeed segregate to different actin filaments has not been experimentally demonstrated. Moreover, the biochemical properties of actin filaments decorated by different tropomyosin isoforms have not been systematically studied.
To examine the six stress-fiber-associated tropomyosin isoforms, we expressed and purified them as non-tagged versions and as superfolder GFP (sfGFP)-or mCherry-fusion proteins. In all cases, an alanine-serine extension was introduced to mimic amino-terminal acetylation [15] . In the fluorescent fusion proteins, sfGFP/mCherry was linked to the N termini of the tropomyosins because such fusion proteins localize properly to the stress fiber network in cells and can rescue the knockout phenotype (Figure S1B) [7] . Moreover, a recent biochemical study demonstrated that an amino-terminal S. pombe tropomyosin fluorescent fusion binds actin filaments and forms similar end-to-end interactions compared to endogenous acetylated tropomyosin A C E D B (legend on next page) [16] . The actin filament co-sedimentation assay was first applied to examine the binding of non-tagged and sfGFP-tagged tropomyosins to non-muscle b/g-actin filaments. Consistent with earlier work [17] , the stress-fiber-associated tropomyosins bound b/g-actin filaments with high affinity (K d < 1 mM) and the N-terminal sfGFP fusion did not interfere with F-actin binding ( Figure 1C ; Figure S1C ). This was also supported by in vitro total internal reflection fluorescence (TIRF) microscopy experiments demonstrating that the fluorescent fusions of tropomyosins decorated non-labeled b/g-actin filaments. However, tropomyosins do not efficiently interact with rhodamine-labeled actin, because tropomyosins and rhodamine-actin segregated on filaments in experiments where only a small fraction (5%) of actin monomers was labeled ( Figure S1D ). Whereas sfGFP fusions of Tpm1.6, Tpm1.7, Tpm2.1, Tpm3.1, and Tpm3.2 interacted strongly with individual actin filaments in the TIRF microscopy assay, sfGFP-Tpm4.2 bound only to actin filament bundles, induced either by methylcellulose or myosin II, with high affinity (Figures S2A and S2B; data not shown). Mechanistic principles by which Tpm4.2 preferentially interacts with actin filament bundles (at least in our TIRF setup) remain to be elucidated. A simple interpretation is that, unlike the other tropomyosins, Tpm4.2 promotes filament bundling and only interacts strongly with actin filaments that are bundled. This property may be linked to its cellular function in myosin II recruitment to stress fibers [7] .
Fluorescence recovery after photobleaching (FRAP) was applied to examine the dynamics of stress-fiber-associated tropomyosins on actin filaments. The assay was first performed on individual actin filaments with Tpm1.6, Tpm1.7, Tpm2.1, Tpm3.1, and Tpm3.2. Interestingly, sfGFP fusions of Tpm1.6, Tpm1.7, and Tpm2.1 displayed only very slow recovery on bleached actin filament segments, whereas the fluorescence recovery of sfGFP fusions of Tpm3.1 and Tpm3.2 on actin filaments was relatively rapid ( Figures 1D and 1E ). Because Tpm4.2 does not bind individual actin filaments with high affinity, the FRAP assay was also performed on actin filament bundles induced by methylcellulose. To confirm that we indeed measured the dynamics of actin-filament-associated tropomyosins, samples were spiked with 5% rhodamine-labeled actin to visualize the filament bundles. Importantly, sfGFP-Tpm4.2 displayed similar rapid recovery on actin filament bundles compared to sfGFP-Tpm3.1 and sfGFP-Tpm3.2, whereas the fluorescence recoveries of sfGFP-Tpm1.6, sfGFP-Tpm1.7, and sfGFP-Tpm2.1 were very slow, further confirming the differences in the dynamics of actin filament association between these tropomyosins ( Figures S2C and S2D ). Together, these data reveal that the long stress-fiber-associated tropomyosin isoforms derived from the Tpm1 and Tpm2 genes display stable association with actin filaments, whereas the short isoforms derived from the Tpm3 and Tpm4 genes display dynamic association with actin filaments. This correlates with the stronger cooperativity of actin binding observed with long tropomyosins compared with short isoforms [17] .
We next asked whether the spatial segregation of tropomyosin isoforms is an intrinsic property of the tropomyosin proteins. To test this, we examined whether different tropomyosin isoforms, when incubated in combination with each other and actin filaments, bind to same filaments or whether they segregate into different actin filaments or filament segments. Control experiments performed with sfGFP and mCherry fusions of the same tropomyosin isoform demonstrated that the two proteins with different fluorescent tags do not segregate along actin filaments. This indicates that the N-terminal fluorescent fusions do not alter the ability of tropomyosins to form end-to-end oligomers. Please note that the number of tropomyosin-decorated actin filaments appeared to differ in the case of distinct tropomyosin isoforms. This may arise from differences in the cooperativity of actin filament association between these tropomyosin isoforms. Importantly, when sfGFP and mCherry fusions of different tropomyosin isoforms were co-incubated with actin, the two proteins often segregated into different segments along the actin filaments ( Figure 2A ; Figure S3 ). Quantification of co-localization indices of different tropomyosin pairs provided evidence that whereas the tropomyosin isoforms generated from the same gene (Tpm1.6 and Tpm1.7 as well as Tpm3.1 and Tpm3.2) can copolymerize on actin filaments, the isoforms generated from different tropomyosin genes are generally not capable of copolymerizing on actin filaments and thus form segments along the filaments. The only exception was Tpm2.1, which appeared to be able to co-polymerize with Tpm3.1 and Tpm3.2 but not with Tpm1.6 and Tpm1.7 ( Figure 2B ). These data provide evidence that different tropomyosin isoforms can segregate into different actin filaments/filament segments and are capable of generating actin filament populations that are decorated by a specific tropomyosin isoform or a specific combination of tropomyosin isoforms. Do actin filaments decorated by different tropomyosin isoforms display functional differences? We first approached this question by examining the effects of stress-fiber-associated tropomyosins on cofilin, because these two proteins have been shown to compete for F-actin binding both in vitro and in cells [5, [18] [19] [20] . The only exception reported so far is Tpm1.2, Figure 1 . Interactions of Different Tropomyosin Isoforms with F-Actin (A) Schematic representation of the intron-exon structures of the four human tropomyosin genes and the six stress-fiber-associated tropomyosin isoforms expressed from these genes (see also Figure S1A ). (B) Distribution of the tropomyosin isoforms within the stress fiber network of U2OS cells. (C) Binding of non-labeled tropomyosins to b/g-actin filaments was examined by a co-sedimentation assay. The concentration of the tropomyosin dimers was 0.5 mM, and the concentration of actin was varied from 0.2 to 15 mM. Data are represented as average ± SEM; n = 3 independent experiments. Please note that the lines do not represent curve fitting but serve simply as connectors between the data points. (D and E) Dynamics of tropomyosin binding to b/g-actin filaments was examined by fluorescence recovery after photobleaching (FRAP) experiments. For the assay, 0.8 mM sfGFP fusions of tropomyosin isoforms were mixed with pre-polymerized 0.6 mM unlabeled actin. Tropomyosins did not form any visible filamentlike structures in the absence of actin, demonstrating that structures seen in the images are tropomyosin-decorated actin filaments. A few frames were recorded prior to bleaching. The fluorescence recovery was followed for 10 min after bleaching by obtaining images every 15 s. Representative examples of the FRAP data are shown in (E), and the averaged recovery curves for all tropomyosin isoforms tested are shown in (D). Data are represented as average ± SEM; n = 5-6 filaments from three independent experiments (see also Figure S2 ). Red arrowheads indicate bleached filament regions. Scale bars, 10 mm.
which, based on cell biological work, can associate with actindepolymerizing factor (ADF)/cofilin on actin filaments [6] . Cosedimentation assays and in vitro TIRF microscopy demonstrated that all stress-fiber-associated tropomyosin isoforms compete with cofilin for F-actin binding, and that the two proteins interact with filaments in a mutually exclusive manner ( Figure 3A ; Figure S4 ; data not shown). Dual-color TIRF microscopy movies also demonstrated that in most cases, mCherry-cofilin clusters grew co-operatively along actin filaments toward the pointed end, simultaneously replacing sfGFP-tropomyosin from filaments ( Figure 3B ; Movie S1). These data are in agreement with recent high-speed atomic force microscopy work proposing that cofilin induces a unidirectional conformational change in actin filaments toward the pointed end of the cofilin-decorated segment, thus promoting the growth of a cofilin cluster toward the filament pointed end [21] . Cofilin did not induce frequent severing of tropomyosin-decorated actin filaments in our TIRF setup because non-labeled b/g-actin was used in our study, and severing events of bare filament segments could not be visualized. Thus, we examined the effects of tropomyosins on cofilinmediated actin filament turnover by monitoring the decrease of pyrene-actin fluorescence resulting from filament disassembly in the presence of cofilin and vitamin D-binding protein (DBP) [22] . Interestingly, the tropomyosin isoforms tested here had very different effects on actin filament disassembly by cofilin. Tpm2.1, Tpm3.1, Tpm3.2, and Tpm4.2 were relatively inefficient in protecting actin filaments from cofilin, and only two isoforms, Tpm1.6 and Tpm1.7, efficiently protected actin filaments from cofilin-mediated disassembly ( Figure 3C ). This is consistent with the TIRF assays, suggesting that although all tropomyosins compete with cofilin for actin binding, Tpm1.6 and Tpm1.7 were the most efficient isoforms in competing with cofilin ( Figures S4A  and S4B ). Similar to the non-tagged tropomyosins, also sfGFP-Tpm1.6 and sfGFP-Tpm1.7 protected actin filaments from cofilin more efficiently compared to other isoforms ( Figure S4C ).
Tropomyosins and an actin filament cross-linking protein, a-actinin, display typically mutually exclusive localizations in contractile actin filament structures such as myofibrils and stress fibers. However, Tpm1.6 co-localizes, at a light microscopy level, with a-actinin in the non-contractile dorsal stress fibers of migrating cells [7] . Thus, we performed actin filament co-sedimentation assays to test whether the stress-fiber-associated tropomyosins compete with non-muscle a-actinin-1 for actin filament binding in vitro. In these assays, actin filaments were pre-incubated with tropomyosins, and the ability of a-actinin to subsequently replace tropomyosins from filaments was examined. The amount of all tropomyosin isoforms on actin filaments decreased in a concentration-dependent manner after addition of a-actinin-1, suggesting that all stress-fiber-associated tropomyosin isoforms compete with a-actinin for actin filament binding ( Figures 4A and 4B; Figure S4D ). The order in which the proteins were added on actin filaments did not affect their competition, because similar displacement was also observed when actin filaments were first incubated with a-actinin-1 before addition of tropomyosins (data not shown). Based on cryo-electron microscopy work, the binding sites of a-actinin and tropomyosins on actin do not overlap [3, 23] , and thus the molecular mechanism of competition between tropomyosins and a-actinin for actin filament binding needs to be elucidated.
Tropomyosins are well-established regulators of myosin II activity in muscle sarcomeres. Also, many non-muscle tropomyosin isoforms can affect the MgATPase activity and motility of myosins along actin filaments [24] [25] [26] [27] [28] . However, the effects of different stress-fiber-associated tropomyosin isoforms on myosin II have not been systematically compared. To elucidate how the decoration of actin filaments with different tropomyosin isoforms influences their interaction with myosin II, we measured the actin-activated ATPase activity of non-muscle myosin IIa heavy meromyosin (NMIIa-HMM) during steady state. These experiments revealed that whereas Tpm4.2, Tpm3.1, and Tpm3.2 efficiently increased the actin-activated ATPase activity of NMIIa-HMM, the other tropomyosin isoforms had no detectable effect on myosin IIa activity. Similar results were obtained in assays carried out with either skeletal muscle a-actin or nonmuscle b-actin ( Figures 4C and 4D) .
Together, these experiments demonstrate that actin filaments decorated by different tropomyosin isoforms display distinct functional properties. Filaments decorated with Tpm1.6 and Tpm1.7 do not activate myosin IIa but efficiently protect filaments from cofilin-induced disassembly. On the other hand, Tpm3.1, Tpm3.2, and Tpm4.2 stimulate the actin-induced ATPase activity of myosin IIa but do not efficiently protect actin filaments from cofilin. The effects of Tpm 3.1 and Tpm4.2 on myosin IIa activity are also consistent with cell biological data providing evidence that these tropomyosin isoforms can recruit myosin II to stress fibers [6, 7] . Interestingly, the functions of tropomyosins in filament stabilization versus myosin II activation appear to correlate with the dynamics of their actin interactions. This is because Tpm1.6 and Tpm1.7 display very stable association with actin filaments, whereas Tpm3.1, Tpm3.2, and Tpm4.2 exhibit dynamic interactions with actin ( Figure 4E) .
Whereas other stress-fiber-associated tropomyosin isoforms either activate myosin II or protect filaments from cofilin-mediated disassembly, Tpm2.1 does not display strong effects on either of these activities. We propose that this tropomyosin isoform regulates some other aspects of stress fiber assembly, dynamics, or contractility by controlling the activity or localization of another protein(s) within the stress fiber network. Moreover, it is possible that Tpm2.1 works only in concert with some other stress fiber proteins, such as caldesmon and calponins, in cells. Interestingly, Tpm2.1 accumulates at focal adhesions at the distal ends of dorsal stress fibers, and recent studies demonstrated that it controls mechanosensitive sarcomere-like contractile units at these sites [7, 29] .
In the future, it will be interesting to examine the interplay of different mammalian tropomyosin isoforms with a wider range of actin-binding proteins, including different filament crosslinkers, other myosins, the Arp2/3 complex, and profilin, which in other organisms were shown to exhibit interplay with tropomyosins on actin filaments [30] [31] [32] [33] . Please note that, although different tropomyosin isoforms display distinct localization patterns along non-contractile dorsal stress fibers, they all localize to myosin II-containing foci in contractile ventral stress fibers. Thus, in addition to other actin-binding proteins, tropomyosins may also work in concert with each other to generate and maintain complex actin filament arrays in cells. In the context of the stress fiber network, it is possible that the non-contractile dorsal stress fibers need protection from ADF/cofilin-induced filament disassembly and are thus composed of Tpm1.6-decorated actin filaments [7] . On the other hand, actin filaments that are under myosin II-generated tension are protected from ADF/cofilins [14, 34] . These ''myosin II-associating'' actin filaments may not, therefore, require Tpm1.6 or Tpm1.7 to inhibit their severing by ADF/cofilins. It is also important to note that filament severing by ADF/cofilins is greatly enhanced by their co-factors, including coronin, and Aip1 in cells [35] , adding more complexity to the system.
Our in vitro TIRF microscopy experiments also provide the first evidence that most tropomyosins cannot co-polymerize with each other on actin filaments but instead segregate into different filaments or filament segments. Thus, tropomyosins have the intrinsic ability to generate distinct actin filament populations that are decorated by a specific tropomyosin isoform(s), which subsequently can modulate the interactions of other proteins with these filaments. These biochemical data also provide an explanation for distinct subcellular localizations of different tropomyosin isoforms within cellular actin filament networks of motile cells [7, 36] . The molecular mechanism underlying tropomyosin isoform segregation along actin filaments remains to be elucidated. This can arise from the chemical differences of tropomyosin N and C termini that either allow or prevent end-to-end association of different tropomyosin molecules. Alternatively (or in addition), this may involve different positioning of distinct tropomyosin isoforms on actin filaments or their effects on (A) All tropomyosin isoforms tested compete with cofilin-1 for F-actin binding. sfGFP-tagged tropomyosin isoforms (150 nM) were mixed with 150 nM mCherrycofilin-1 on polymerizing b/g-actin filaments, and the segregation of these two proteins on actin filaments was examined by TIRF microscopy (see also Figure S4 ). Scale bars, 5 mm. (B) Examples of sfGFP-Tpm1.7 displacement by mCherry-cofilin-1 on actin filaments. sfGFP-Tpm1.7 (150 nM) was mixed with mCherry-cofilin-1 (1 mM, top; 360 nM, bottom) and polymerizing b/g-actin, and the displacement of Tpm1.7 by cofilin-1 was observed by TIRF microscopy. Please note that in both cases the cofilin-1 cluster elongates processively toward the actin filament pointed end. Scale bars, 5 mm. (C) Effects of different tropomyosins on the disassembly of b/g-actin filaments. Samples of pre-polymerized pyrene b/g-actin (4 mM) were pre-incubated for 5 min with various tropomyosins (1.25 mM) and then for 5 min with cofilin-1 (1 mM), followed by addition of the actin monomer-sequestering vitamin D-binding protein (6 mM). Data are represented as average ± SEM; n = 3-4 independent experiments. From six tropomyosins tested, only Tpm1.6 and Tpm1.7 efficiently protected actin filaments from cofilin-1-induced disassembly. The method for calculating the relative actin filament disassembly rates is described in the Supplemental Experimental Procedures. the conformation of actin filaments. The latter alternative is supported by the fact that tropomyosins decorate the two structurally identical grooves along an actin filament, and thus their segregation cannot be solely determined by head-to-tail associations (i.e., some coordination must exist between the two tropomyosin-binding grooves when filament segments decorated by only one tropomyosin isoform exist). This may reciprocally also explain why Tpm2.1 and Tpm3.1/2, which exhibit major differences in their N-terminal sequences, do not segregate to different actin filaments in our TIRF assay. Furthermore, the mechanisms by which different tropomyosin isoforms are targeted to their specific cellular destinations were preincubated with 0, 0.8, 1, 1.6, 2.7, and 4 mM a-actinin-1 for 30 min at room temperature, followed by incubation with Tpm2.1 (1 mM) for another 30 min. Actin filaments were sedimented via centrifugation, and the amount of tropomyosin in the pellet fractions was plotted against rising a-actinin-1 concentrations (black circles). The amount of Tpm2.1 sedimenting in the absence of actin is indicated by an open circle. Data are represented as average ± SEM; n = 3 independent experiments. (B) b/g-actin filaments (8 mM) were pre-incubated with different tropomyosins (1 mM) for 30 min, followed by incubation with a-actinin-1 (1.6 mM) or buffer for another 30 min. Actin filaments were sedimented, and the amounts of tropomyosins in the pellet fraction were quantified. Data are represented as average ± SEM; n = 5 independent experiments. All six tropomyosins displayed a noticeable decrease in actin-binding efficiency in the presence of a-actinin-1.
(C) The non-muscle myosin IIa-HMM steady-state ATPase rate was determined in the presence of 20 mM rabbit muscle actin and 20 mM different tropomyosin isoforms. Data were analyzed with GraphPad Prism 7 software. The Gaussian distribution of ATPase assay data was confirmed, and a one-way ANOVA was performed comparing all conditions to the bare-actin control. Data are represented as average ± SEM; n = 8-14 (*p < 0.05, ***p < 0.001). (D) The non-muscle myosin IIa-HMM steady-state ATPase rate was determined in the presence of 20 mM b-actin and 20 mM Tpm2.1 and Tpm4.2. Similar to the experiment with rabbit muscle actin (C), Tpm2.1 did not stimulate the steady-state ATPase rate of non-muscle myosin IIa-HMM, whereas Tpm4.2 stimulated the activity of myosin IIa. Data are represented as average ± SEM; n = 6 (**p < 0.01; ns, not significant). (E) A table summarizing biochemical properties of stress-fiber-associated tropomyosin isoforms. remain to be elucidated. Good candidates for this task are formins, which at least in fission yeast can induce assembly of actin filament structures that are decorated by specific tropomyosin isoforms [37] . Intriguingly, at least four different formins are linked to the assembly of the stress fiber network in motile cells [7, 10, 11, 13] , and thus these formins may provide the link between actin filament nucleation and incorporation of specific tropomyosin isoforms into the different regions of the stress fiber network.
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